Cyclodextrin (CD) is synthesized by bacterial cyclodextrin glycosyltransferase (CGTase) and is widely used in food, pharmaceutical, cosmetic, and agricultural industries. In this study, Bacillus circulans CGTase was partially purified by ammonium sulfate precipitation at 50-70% saturation. The optimum pH and temperature for CD production from sago starch were found to be in the ranges of 4.5-5.0 and 55-60°C, respectively. b-CD was the predominant product, constituting 65% of all CD products. The b-CD produced using partially purified and crude CGTase were compared and found to have no significant difference in yield and productivity. The appropriate proportion of CGTase to sago starch for b-CD production was determined by response surface methodology. The most appropriate enzyme:substrate ratio was 50 U g sago starch À1 CGTase and 60 g l À1 sago starch.
Introduction
Cyclodextrin (CD) is an important polysaccharide due to its unique hydrophobic interior cavity and hydrophilic surface. CD can encapsulate other hydrophobic organic substances, aiding solubilization in water. This property is useful in food, pharmaceutical, cosmetic, and agricultural applications (Tombs and Harding, 1998; Szejtli, 1988) . CD can be synthesized enzymatically by cyclodextrin glycosyltransferase (1,4-a-D D -glucopyranosyl transferase (cyclization), EC 2.4.1.19; CGTase). This enzyme is produced by various microorganisms, mostly Bacillus sp. (Larsen et al., 1998a) . The roles of CGTase production in various microorganisms are still unclear, however some researchers believe that starch is converted by CGTase into CD which cannot be used by other competing organisms. In this way, the CD produced can be used as substrate by CGTase producer (Van der Veen et al., 2000; Uitdehaag et al., 2002) .
CGTase can catalyze four different reactions (Bovetto et al., 1992) . The first reaction is an intramolecular transglycosylation, called cyclization reaction, which produces CD from starch substrate. The second reaction is an intermolecular transglycosylation, called a coupling reaction, which is the reverse reaction of cyclization. The third reaction is also intermolecular transglycosylation, or disproportionation reaction, which occurs when short chains of glucose polymer are present or mixed with starch. The fourth reaction catalyzed by CGTase is the hydrolysis of starch or CD. Various types of starch can be used as substrate for CGTase including corn and potato starch (Kim et al., 1997) . However, sago starch is an interesting alternative substrate for CD production. The sago starch has a low cost of production and high yield, when compared to other kinds of starch (Fasihuddin and Williams, 1996) . It is estimated that approximately 60 Mtons are produced from sago palms annually in South East Asia (Wang et al., 1996) . Sago palms are considered economically acceptable and environmentally friendly, and promote a socially stable agroforestry system (Flach, 1997) . In this study, sago starch was used as raw material for optimizing CD production.
Methods

Microorganisms and cultivation
Bacillus circulans (TISTR 907) was obtained from a culture stock of Thailand Institute of Scientific and Technological Research, Bangkok, Thailand. The bacterium was cultivated in 300 ml Horikoshi medium (Georganta et al., 1993; Nakamura and Horikoshi, 1976) 
Preparation of CGTase
The cultured broth was centrifuged at 10,000 rpm, 4°C for 15 min. The supernatant was collected as crude enzyme. The CGTase was then partially purified by ammonium sulfate precipitation at 50-70% saturation.
Determination of starch dextrinizing activity
This was done as described by Georganta et al. (1993) with slight modification. The reaction mixture contained 100 ll of enzyme aliquot and 500 ll of 2 g l À1 amylose in 0.05 M glycine-sodium hydroxide buffer (pH 9.0). The reaction was carried out at 37°C for 10 min, then stopped by adding 1 ml of 0.5 N acetic acid. Five hundred microliters of iodine reagent (2 g l À1 KI and 0.2 g l À1 I 2 ) was added to form an amylose-iodine complex with residual amylose. The final volume was adjusted to 5 ml with distilled water. The blue color of the amyloseiodine complex was measured by spectrophotometer at 700 nm. One unit of enzyme activity was defined as the amount of enzyme which produced a 10% reduction in amylose content per minute (Nakamura and Horikoshi, 1976) .
Determination of CD forming activity
Two hundred microliters of enzyme solution were incubated with 400 ll of 40 g l À1 amylose in 0.2 M phosphate buffer at 37°C for 3 h. A 500 ll aliquot of mixture was transferred to 500 ll of cold methanol (Larsen et al., 1998b; Pongsawasdi and Yagisawa, 1988) . The b-CD formed in the reaction mixture was detected by high performance liquid chromatography (HPLC), as described in the next section. One unit of enzyme activity was defined as the amount of enzyme producing 1 lmol of b-cyclodextrin in 3 h.
HPLC analysis
Conditions for HPLC were modified from the conditions described by Rendleman (1997) . The HPLC system consisted of Shimadzu LC-6A pump (Shimadzu Co., Tokyo, Japan) connected to a refractive index detector (Refracto Monitor â IV, LDC Analytical Co., FL, USA). A column of Hypersil-NH 2 (250 · 4.6 mm, 5l, Hypersil Co., Runcorn, UK) installed in a column oven (Shimadzu CTO-6A) at 40°C using a mixture of acetonitrile/water (75:25; v/v) with the flow rate of 1.4 ml min À1 . A Shimadzu C-R3A integrator was used for peak area calculation. All samples were filtered through cellulose acetate membrane (0.45 lm). The b-CD reference standard was obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA).
Determination of optimum pH and temperature for CD production
To study the optimum pH for the digestion of sago starch, the 100 ll of enzyme solution was incubated with 500 ll of 2 g l À1 amylose in various buffer i.e., 0.1 M acetate buffer (pH 3.5-5.5), 0.067 M phosphate buffer (pH 5.5-8.0), 0.05 M borate buffer (pH 8.0-10.0), and 0.05 M glycine-sodium hydroxide buffer (pH 10.0-12.0) at 37°C, followed by enzyme activity assay. To study the optimum temperature required for starch digestion, the 100 ll of enzyme was incubated with 500 ll of 2 g l À1 amylose in glycine-sodium hydroxide buffer (pH 9.0) at various temperatures (30, 40, 50, 55, 60, 65, and 70°C) and enzyme activity was measured.
Experimental design for CD production
A 3 · 3 · 3 factorial design for three variables was used to obtain the combination of values that optimized the response. To identify optimum levels of three variables, the response surface methodology was applied. The three variables studied were substrate concentration (20, 40, and 60 g l À1 ), enzyme concentration (10, 30, and 50 U g substrate À1 ), and reaction time (3, 6, and 9 h). The studies were performed by incubation of crude CGTase and sago starch at optimal conditions (pH 4.5, 55°C) with a working volume of 300 ml with reciprocal shaking (300 rpm). It was assumed that the estimated response surfaceŷ y can be described with the aid of a second order model:
The variableŷ y is a predicted response, x 1 , x 2 , and x 3 are independent variables, b 0 is offset term, b 1 , b 2 , and b 3 are linear effects and b 12 , b 13 , and b 13 are interaction effects (Khuri and Cornell, 1987) . The model evaluated the effect of each independent variable to a response. Analysis of the experiments and calculation of predicted data were carried out using Statistical Analysis System: SAS software (SAS Institute, Cary, NC, USA) to estimate the response of the independent variables (Little et al., 1991) . The surface plots were produced by Sigma Plot program (Jandel Scientific, Corte Madera, CA, USA; 1989).
Results and discussion
3.1. Determination of optimum pH and temperature for CD production
The enzyme performed optimally in the pH range of 4.5-5.0 (Fig. 1) and the temperature range of 55-60°C (Fig. 2) . These results were similar to those reported for alkalophilic Bacillus sp. (pH 4.5-5.0 and 45°C) by Nakamura and Horikoshi (1976) , and B. circulans E 192 (pH 5.5-5.8 and 60°C) by Bovetto et al. (1992) . The CGTase was inactive under extreme acidic and alkali conditions. The suitable pH for CD production was pH 4.5. CGTase was stable and active in a wide range of temperature with maximum activity at 60°C (Fig. 2) . However, when the temperature exceeded this point, the enzyme activities sharply decreased.
Comparison between partially purified and crude forms of CGTase in CD production
The partially purified CGTase gave higher yield and productivity of CD than the crude enzyme during the initial period of 2 h (Fig. 3) . However, when the incubation period was prolonged to 5 h, the CD production by crude CGTase was greater than that by the partially purified CGTase. This might be due to protein present in the crude enzyme, which may have stabilized the enzyme. Therefore, for further studies on CD production, the reaction would be done using crude CGTase.
Determination of the optimum proportion of enzyme and substrate, and the suitable reaction time for CD production
The regression equation obtained after analysis of variance (ANOVA) gave the production level of CD as a function of different variables: the substrate concentration, the enzyme concentration, and the reaction time. The corresponding ANOVA is noted in Table 1 . The response taken from Table 1 revealed that the linear terms of sago starch concentration (x 1 ), crude CGTase concentration (x 2 ), and reaction time (x 3 ) had remarkable effects on CD concentration. The significance of each coefficient was determined using p-value (p < 0:05). All linear terms and interaction terms were significant. All terms are included in the following equation: The variableŷ y is the response, that is the CD concentration, and x 1 , x 2 , and x 3 are the test variables sago starch concentration, the enzyme concentration, and the reaction time, respectively. According to Eq. (2), the largest value of estimated regression coefficient for reaction time (b 3 ¼ 16:6184) indicated that it had the greatest effect on CD production. The coefficient of determination (R 2 ) was found to be 0.9359, indicating that 93.59% of the variability in the response can be explained by the model. According to the surface plots (Fig. 4) , at the 50 U g substrate
À1
CGTase, 60 g l À1 sago starch, and 9 h of reaction time, the CD production was maximum. In contrast, the results at 6 h-and 9 h-reaction-time gave the same CD production as shown in Table 2 . For economic purposes, the 6 h of reaction time was selected as the suitable reaction time. Due to the high viscosity of sago starch solution, the range of sago starch concentration was limited at 60 g l À1 . For further study, this problem might be overcome by treating the sago starch with heat and moisture under reduced pressure. Maruta et al. (1994) reported that the viscosity of corn starch was reduced by this treatment. This may be applied to sago starch to reduce its viscosity. Therefore, the CD production could be performed at higher sago starch concentration, resulting in a greater yield of CD. The CGTase from B. circulans (TISTR 907) was highly specific for b-CD formation. The distributions of a-, b-, and c-CDs were 7%, 65%, and 28%, respectively, whereas CGTase from the B. circulans NRRL B380 using soluble starch as a substrate exhibited only 40% distribution of b-CD (Larsen et al., 1998b) . The cleft of the active site of CGTase is specially suited for binding at a site 7 residues away from the cleavage site (Uitdehaag et al., 1999; Strokopytov et al., 1996) . In fact, the product specificity was influenced by the amino acid at the active site and crystal structure of the starch substrate. At the active site, a tyrosine residue is highly conserved and responsible for cyclization. Generally, Tyr 195 forms a nonpolar core around which the aglucan could wrap the core forming the ring in CGTase (Schmidt et al., 1998) . Penninga et al. (1996) reported that the exchange of Tyr 195 with leucine in the CGTase of B. circulans strain 251 resulted in an increase of largering CD production. This suggested that the CGTase lost its capability to control the formation of small-ring CDs by the amino acid exchange. The crystal structure of starch substrate, however, exists as either doublestranded helices or as a single helix with 6-8 glucose molecules in one turn. The production of b-CD as the predominant species of CD by CGTase could be a consequence of a preferential helical structure of the amylose in the solution. Table 2 Comparison of CDs production with various enzyme and sago starch concentrations under adopted conditions 
